Background: Socioeconomic differences in cancer patient survival are known to exist for women diagnosed with breast cancer. Standard metrics tend not to place great emphasis on evaluating the actual impact of these differences.
Introduction
Relative survival estimates are commonly used for making comparisons across subgroups of cancer patients. Relative survival analysis is useful when making these comparisons as it allows for a fair comparison when background mortality varies between subgroups. However, estimates of relative survival are not easy to interpret and it can be difficult to translate the estimates into measures that help to understand the actual impact of a cancer diagnosis. Under certain assumptions [1] , relative survival is a net probability estimate, i.e. a measure of survival where it is not possible to die of causes other than cancer, and therefore it is important to consider these estimates in combination with the competing mortality from other causes to give absolute measures of risk. It is also the case that relative survival estimates are usually only given at single points in follow-up time and therefore do not portray the changing risk as a function of time since diagnosis nor the overall risk over the lifetime.
A recent publication has argued that more relevant measures for patients should be favoured over the traditionally reported estimates of relative survival [2] . One approach has been to report the number of deaths that would be avoided by a given point in the future if the excess mortality rate of one group was also experienced by the second [3, 4, 5, 6, 7, 8] . This measure is highly dependent upon follow-up time, but is often reported at a time single point, usually at 5-years after diagnosis. A second measure that has also recently been re-introduced is the difference in the number of life years in one group compared to another [9, 10] .
The avoidable deaths estimates are calculated by altering the cancer-specific (or excess) mortality for a subgroup of patients. This will lead to completely avoiding a proportion of deaths due to cancer. However, these deaths will then be replaced by deaths due to other causes at some point in the future; no death is truly avoidable, only postponed. Postponing these deaths will also impact directly on the life expectancy for the cohort of cancer patients. The avoidable deaths statistic has been misinterpreted in a number of settings due to the lack of understanding surrounding how heavily this measure depends on time since diagnosis. The loss in expectation of life is an overall summary measure over the entire lifetime of the patients in the cohort and is therefore less prone to misinterpretation.
In this paper, we will analyse a cohort of breast cancer patients from England and Wales to explore the use of different measures of reporting differences in survival between socioeconomic groups. We will show how it is possible to quantify how much life can be gained by applying the cancer survival experience of the least deprived to all patients. We will also explore how this measure is related to the number of deaths that can be postponed by improving cancer-specific survival.
The aim of the paper is to increase awareness of the use of loss in expectation of life as a measure, and to highlight how useful this can be in describing differences in cancer patient survival. A concurrent aim of this paper is to explore the impact of deprivation differences in cancer survival in breast cancer patients in England and Wales.
Methods

Data
We used National Cancer Registry Data for women with a new diagnosis of breast cancer (International Classification of Diseases-10 site code -C50) resident in England and Wales between 1999 and 2009, with follow up for mortality until the end of 2010. We restricted the analysis to those aged 30-99 (this excludes 0.46% of the original sample size for analysis) so that the models are not overly influenced by sparse data in the tails of the age distribution. Patients were categorised into five socioeconomic status groups (1=least deprived, 5=most deprived) using national quintiles of the income domain of the Index of Multiple Deprivation (IMD) score of the Lower Super Output Area of patients' residence at diagnosis [11] . Information on age-at-diagnosis and deprivation status was complete for all of the patients. We used exact age-at-diagnosis rather than categorising.
Statistical Methods
We used a period analysis [12] to provide up-to-date estimates of survival. We used a 5-year period window (2005-2009 inclusive) to ensure that the estimates were not overly influenced by short-term survival estimates that may be outdated whilst also maintaining sufficient data to fit a relatively complex model.
We used a modelling framework in order to estimate relative survival for the breast cancer patients. We fitted a flexible parametric excess mortality model [13, 14, 15] that incorporated both socioeconomic status (as a categorical variable for the 5 levels of the quintile groups) and age-atdiagnosis. The effect of age-at-diagnosis was captured by using a flexible non-linear function. We also allowed an interaction term between the 5 levels of deprivation and a simplified function for the effect of age-at-diagnosis. The main effects of deprivation and the non-linear function for age-atdiagnosis were allowed to be time-dependent. We applied a further restriction to the model in terms of only allowing the effect of deprivation to be time-dependent for the first 15 years of followup. This restriction ensured that the long-term estimates of deprivation-specific survival follow the expected pattern rather than making what seemed unrealistic extrapolations. Further details of the model are given in the Appendix. We also assessed the sensitivity of the results to some of the assumptions that are made as part of the extrapolation. Details of the sensitivity analysis are given in the Appendix. We use the approach described by Andersson et al. [10] in order to estimate the loss in expectation of life from a flexible parametric excess mortality model. In order to estimate the number of avoidable deaths and the loss in expectation of life we incorporated the background population mortality for the patients using general population mortality files stratified by age, deprivation group and calendar year [16] . In order to make the projected estimates for the entire lifetime, it is necessary to input future general population mortality rates. Here, we make the simple assumption that the rates observed in 2011 were to continue into the future in order to give a full long-term estimate for patients diagnosed recently. Table 1 describes the cohort in terms of the numbers of patients diagnosed in deprivation categories across various age groups. These age-groups are purely used for the tabulation and the effect of age in the statistical models is modelled continuously. Table 1 indicates that deprivation group 5 (the least deprived group) is the smallest in terms of the proportion of the population. The total cohort comprise 366,692 women with breast cancer. Figure 1 shows three aspects of life expectancy in relation to age at diagnosis, each plotted for the most and least deprived groups. Firstly, the figure shows an estimate of the mean years remaining under the assumption that the cohort of patients did not have breast cancer, using the appropriate mortality rates from the population mortality file (dashed lines). The expected mortality for those in the least deprived group is lower than for the most deprived group across almost the entire age range, resulting in the mean years of life remaining being consistently higher for all ages up to 95. Secondly, the graph shows the average life years remaining given a diagnosis of cancer for the least and most deprived groups (solid lines). For example, for a 30 year old the mean years of life remaining without breast cancer in the least deprived group is 56 and the corresponding mean years remaining given a breast cancer diagnosis is 30. Whereas for the most deprived patients, a 30 year old without cancer has a mean years of life remaining of around 50, with those who have had a diagnosis of breast cancer have an average of 27 years of life remaining. The difference between these two values for each of the deprivation groups gives the loss in expectation of life as a function of age (dotted lines in Figure 1 ). For the entire age-range there is little difference between the estimates of the loss in expectation of life for the two deprivation groups. That is, both groups lose a very similar amount of life on average from their years remaining without breast cancer when compared to the mean years remaining following a diagnosis of cancer. However, the most deprived patients have fewer expected life years remaining on average, and so this loss has a larger proportional impact on their life expectancy (see Table 2 ). The average loss in expectation of life is higher for younger patients. These patients have more years to lose in the first place, and in the case of breast cancer, suffer from a moderately high excess mortality due to the disease.
Results
The calculated values for age-at-diagnosis 60 given in Table 2 show that for the most deprived cohort of patients, the average number of years remaining based on not having a diagnosis of cancer would be 23.1 years. The corresponding value for the least deprived group is almost 4 years longer (26.9 years). This reflects the different general survival for the two populations. The average years remaining if diagnosed with breast cancer indicates the experience of the cohorts given they have had a diagnosis of cancer at age 60, estimated to 22.3 and 18.2 for the least and most deprived groups respectively. Any difference between deprivation group 1 and 5 reflect differences in both expected and relative survival. The loss in expectation of life is the difference in life expectancy with and without cancer, and is estimated to be 4.7 and 4.9 for the least and most deprived groups respectively.
It is possible to quantify the differences in cancer mortality by recalculating the loss in expectation of life assuming that the excess mortality of the least deprived group applied to all other deprivation groups. This increases the average years of life remaining from 18.2 years to 19.3 years for the most deprived group. The gap between deprivation group 1 and 5 reduces from 4.1 to 3. This shows that the proportion of the deprivation gap in number of years remaining that is due to differences in relative (cancer) survival is only around 27% (see Table 3 ), with the remaining difference explained by differences in non-cancer mortality. Table 2 also reports the proportion of life lost for each of the five deprivation groups. Using the observed data, it is clear that there are substantial differences in the average proportion of life lost due to a diagnosis of cancer across deprivation groups. If deprivation differences in cancer survival were eliminated, these differences in the proportions are dramatically reduced. For instance, for a women diagnosed at age 60, the proportion of life lost in deprivation group 5 is 21.1%. This would be reduced to 16.1% if the deprivation differences in just cancer (relative) survival were eliminated.
The values for patients diagnosed at 80 given in the lower portion of Table 2 show that the years of life remaining based on the population mortality file is 10.6 years for the least deprived patients, and 9.2 years for the most deprived women. This reveals the deprivation differences in the expected survival in the general population. A similar pattern is seen in the observed years of life remaining, with the cancer patients on average estimated to live 7.6 years in the least deprived group compared to 6.2 years in the most deprived group. If the relative survival experience for all patients is matched to that of the least deprived patients, a difference in the years remaining still persists due to the remaining deprivation differences in the expected survival. As for those aged 60, the proportion of life years lost is much more similar across the deprivation groups when recalculating the estimates with the relative survival for all matched to that of the least deprived group. Table 2 also shows that the estimates of 5-year relative survival for those women aged 40 are slightly lower than for patients aged 60 across all deprivation groups. This is consistent with previous evidence that breast cancer in younger women has a greater relative impact on survival [6] . Table 2 also indicated that women aged 40 lose around 3 times as many years as those diagnosed at age 60. This is partially to do with the increased relative survival and the long-term impact of continued excess mortality for breast cancer [17] . However, the main reason that women of younger ages lose a greater number of years is that they have more years to lose initially. Women aged 40 would be expected to live in excess of 40 years on average for all of the deprivation groups. This means that the relative impact on their life expectancy has a larger absolute effect. Table 3 shows the deprivation gap, defined as the difference between the mean years of life remaining in all other deprivation groups compared to deprivation group 1, for ages 60 and 80. The table also reports the corresponding deprivation gap if differences in cancer (relative) survival were eliminated. These estimates were used to calculate the proportion of the deprivation gap due to differences in relative (cancer) survival, with the remaining difference explained by differences in non-cancer mortality (see the 3 rd column of Table 3 ). For those diagnosed at age 80 in deprivation group 5, 43% of the deprivation gap is explained by the difference in cancer survival. However, for younger ages and the other deprivation groups, the estimates tend to be below 30%, with over twothirds of the difference in life expectancy being explained by other cause mortality differences.
Figure 2 (a) shows the total number of avoidable deaths as a function of follow-up time over all ages (30+) for the 4 deprivation groups. These deaths are those that are avoided by applying the excess mortality of the least deprived group rather than the observed excess mortality in each group. These figures relate to the breast cancer cohort in England and Wales diagnosed in the year 2009. The total avoidable deaths reach a maximum at around 5 years after diagnosis. Nearly 600 deaths that would have occurred within the first 5 years given the deprivation differences in relative survival could have been postponed beyond this point if the differences in excess mortality across deprivation were eradicated. However, as follow-up increases the number of deaths that are postponed beyond a given point in follow-up decreases due to the balance between the competing causes of mortality. By 60 years of follow-up, the avoidable deaths estimate is very low because the vast majority of the cohort is projected to have died irrespective of the cancer-specific mortality that is applied to the group. Even if there was no excess mortality associated with a diagnosis of cancer, the cohort would eventually be depleted by other-causes of death.
Figure 2 (b) shows the avoidable deaths given in Figure 2 (a) stratified into four age groupings. The totals of these four graphs at each point in follow-up sum to the values given in Figure 2 (a). The contribution to the total avoidable deaths over all ages is smallest from the oldest age group, particularly in the long-term. Among older patients death cannot be "avoided" for as long, but they do contribute a substantial amount to the estimates in the short-term; the make-up of these figures depends on both the incidence of breast cancer by age and also the differences in relative survival at different ages. What is also clear from the bottom-right panel of Figure 2 (b) is that there are negative values calculated for the avoidable deaths in deprivation group 2. This reflects the fact that for the very oldest breast cancer patients, those in deprivation group 2 appear to have higher relative survival estimates than those in deprivation group 1. Table 4 shows the overall values for the cohort of breast cancer patients diagnosed in England and Wales in 2009. These values can be calculated analytically, but can also be achieved by calculating the area under (integrating) the avoidable deaths curves presented in Figure 2 (see the mathematical details in the Appendix). The first column indicates the total life years lost due to a cancer diagnosis in the five deprivation groups. The second column in the table shows the total life years that could have been saved by equalising the deprivation differences in relative survival. This indicates that around 6% of the total life years lost could have been prevented by removing relative survival differences across deprivation.
Discussion
Our results confirm that deprivation differences for women with breast cancer exist and result in women from more deprived areas losing a larger proportion of their life due to a diagnosis of cancer. An 80 year-old patient from the most deprived areas of England and Wales will lose around 33% of their remaining life expectancy following a cancer diagnosis, whereas an 80 year old from the least deprived area would lose around 28% of their remaining life. However, our results also show that deprivation differences in general survival have a larger impact on life expectancy. The deprivation gap in life years remaining is dominated by differences due to other causes rather than differences in cancer survival, with over two-thirds of the gap explained by differences in other causes for most patients.
Relative survival is a common approach for comparing net survival between subgroups of cancer patients and different populations. There are good reasons why some analyses and comparisons are suited to the use of relative survival. However, other methods should be considered when trying to give a fuller understanding of the impact of cancer. We are not suggesting that using avoidable deaths or loss in expectation of life to summarise differences should be approaches to replace the relative survival analysis, but they can be obtained as supplementary estimates from the very same models used to estimate relative survival. These measures have greater emphasis on interpretability; using units that are easier to understand and ensuring that other causes of death are appropriately incorporated. We have also shown how these two measures are directly related to each other -see Appendix for a mathematical justification.
Deprivation differences in survival exist for patients diagnosed with breast cancer and it is important to understand the reasons for these differences. In this paper, we have projected forwards across the whole lifetime to estimate the expectation of life for patients who have a diagnosis of breast cancer. This increases the understanding of how much of an impact deprivation differences, in terms of both relative and expected survival, have on women diagnosed across different ages. We have shown that by using extrapolations of key survival quantities we can give up-to-date estimates of life expectancy and the loss in life expectancy for women with breast cancer.
For the very oldest patients, the effect of deprivation is less strong, and in some cases reversed. This possibly reflects selection due to the fact that the people remaining in the most deprived category are healthy survivors and in the top proportion of their group in terms of survival. However, further work should be undertaken to fully understand the effect of deprivation in the very elderly and to try to understand the level of uncertainty for this group.
When using statistical models to project beyond the range of the data, it is important to consider the implications of extrapolations. We use a model-based approach, and make projections of the relative survival, rather than projecting the all-cause survival until it reaches zero. This has been shown to be a more effective way of reliably estimating the survival experience for a cohort of cancer patients [10] . We have made the assumption that beyond 15 years of follow-up, the effect of deprivation will be proportional and be the same across all age-groups. This assumption ensured that any long-term diminishing effects of deprivation and age did not lead to extrapolations which would have excess hazard ratios that decreased below 1. We have conducted a sensitivity analysis to assess the impact of this assumption on the results (see Appendix). The sensitivity analysis indicates that the results are fairly insensitive to moderate differences in the point selected. In this application, we also make a simple assumption about the future expected rates for the general population; assuming the age, sex and deprivation-specific rates of mortality in 2011 will continue into the future to make the long-term estimates.
Loss in expectation of life and estimates of how many deaths can be postponed beyond a certain point in time give further understanding to the impact of deprivation differences in cancer patient survival. The loss in expectation of life can be used to understand how the differences impact across the whole lifetime for patients; this is particularly useful for breast cancer where patients are at a continued excess risk in the long-term following a diagnosis of cancer. These measures are also useful as they are in units that are more readily understandable than traditional approaches for expressing differences in survival. Although we agree that relative survival should be continued to be used in some analyses, it is also important to consider other metrics that may be more relevant when expressing differences between deprivation, and other population groups.
Statistical Appendix Model Specification
The full details of the statistical model used are detailed below. We used the stpm2 command for the statistical software package, Stata. We fitted a flexible parametric excess mortality model that incorporated both deprivation (as a categorical variable for the 5 levels of the quintile groups) and age-at-diagnosis. We use 5 degrees of freedom for the spline function to capture the shape of the log baseline cumulative excess hazard using the default knot locations at the centiles of the log of the event times. The effect of age-at-diagnosis was captured by using a flexible non-linear function (a restricted cubic spline function with 5 degrees of freedom, again the knots were placed at equally spaced centiles). We also allowed an interaction term between the 5 levels of deprivation and a simplified spline function for the effect of age-at-diagnosis (3 degrees of freedom). The main effects of deprivation and the spline functions for age-at-diagnosis were all allowed to be time-dependent through further spline functions to model the effect of time since diagnosis (a simplified spline function with 3 degrees of freedom and default knot locations). We applied a further restriction to the model in terms of only allowing the effect of deprivation to be time-dependent for the first 15 years of follow-up. This restriction ensured that the long-term estimates of deprivation-specific survival follow the expected pattern rather than making what seemed unrealistic extrapolations.
Sensitivity to assumptions
In making the extrapolations, it was necessary to make assumptions about the continuation of the relative survival curve into the long-term, particularly for younger patients at diagnosis. We applied a constraint on the long-term estimates (greater than 15 years after diagnosis) to enforce a proportional effect of deprivation. Here we show the equivalent estimates to Table 4 under a number of different assumptions to show the sensitivity of the results. The results are given for 2 alternative scenarios in Table A1 and compared to those given in Table 4 . The results show that the choice of the point from which to make the constraint does not have a huge impact on the overall estimates. The choice and number of knots for flexible parametric models can also be important. However, it has been shown that provided sufficient complexity is allowed, the approach performs well in simulations [18] . We used a model to estimate relative survival, R (t), for each individual, , which can be formulated as:
Scenarios for comparison
where ( ) is the all-cause survival function in the cohort, and * ( ) is the corresponding expected survival obtained from the appropriate population mortality file estimates.
The number of expected deaths at time, t, in the general population for individuals with N individuals with the same estimated survival can be estimated by:
The number of all-cause deaths at time, t, in the general population for the same subcohort can be estimated by:
Consider the situation where we have two groups for comparison. Let 1 ( ) be the relative survival for one group and, 2 ( ) for the second. With 1 ( ) > 2 ( ).
The avoidable deaths for group 2 can be estimated by:
For the same two groups we can also formulate the gain in the expectation of life. This would be the gain in life years that could be made by adopting the relative survival experience of group 1 for group 2.
This can then be multiplied by N to give an overall measure rather than the expectation. This shows that integrating the avoidable death curve over t will result in an estimate of the difference in the loss in expectation of life between the two groups. Tables: Table 1 : Number of patients in age and deprivation categories for the entire cohort (diagnosis window (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) 
